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Abstract 

 

This thesis presents the reactivity of dienylboronated compounds towards arylnitroso and 

carbonylnitroso derivatives and its use in the synthesis of heterocyclic and polycyclics 

compounds (see graphical abstract). 
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The first study focused on the reactivity of dienylboronate compounds with arylnitroso 

derivatives resulting in pyrrole or furan products. The outcome and efficiency of the reaction 

is related to the boron on the dienyl moiety and the solvent used. Depending on the 

conditions, pyrroles, boronated MIDA ester oxazines or nitrones could be obtained. A one-pot 

strategy was then applied to synthesise oxazoline derivatives using nitrones as an 

intermediate. 

Theoretical, as well as experimental, work has supported that the formation of the pyrrole was 

obtained by a regioselective nitroso Diels-Alder reaction/rearrangement/borate elimination 

cascade process. Details on the nitrone formation have not been clarified, but further 

investigations are on-going. 

Secondly, attention was focused on the reactivity of dienylboronate compounds with 

carbonylnitroso derivatives. Contrary to the arylnitroso species, the nature of the 

carbonylnitroso had a dramatic impact on reactivity. On the one hand, similar reactivity 

towards the formation of pyrroles and boronated MIDA ester oxazines was observed, 

however, by employing a higher electron-deficient carbonylnitroso species, the product 

resulting from a nitroso-ene reaction was obtained. 

Ene-product was used as the key intermediate for the synthesis of different polycyclic 

compounds. A multicomponent, one-pot, Diels-Alder/allylboration procedure was optimised 

to yield various structures depending on the nature of the dienophile and the aldehyde. 

To diversify the chemistry of the ene-product another sequence was designed using the 

pyrrole synthesis. A multi-step pathway was optimised to afford novel fused bicylic oxazine-

pyrrole products. 
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I. Introduction  

 

Multicomponent reactions involving catalytic or non-catalytic step(s) have become essential 

tools in the field of synthetic organic chemistry.1,2,3,4,5,6,7,8,9 Several of these, which now bear 

the name of their inventors: Strecker; Hantzsch; Biginelli; Mannich; Passerini or Ugi; have 

been known and widely used for many years, and the development of new multicomponent 

processes still receives considerable attention. Indeed, these reactions offer a number of 

attractive advantages including simple experimental procedures, high convergence, and access 

to diverse structural and functional systems, often with high levels of atom economy. Boron 

compounds have long been ignored in this attractive area of research despite their wide range 

of reactivity.10,11 In 1993, however, Petasis and co-workers reported a new synthesis of 

allylamines via stepwise condensation of a secondary amine, para-formaldehyde and (E)-

styryl boronic acid.12 This was the first report of this type of transformation, which is now 

referred as the Petasis borono-Mannich reaction, and was later extended to a wide variety of 

other aldehydes, such as glyoxylic acid (for example), boronic acids, esters or trifluoroborates 

and other amine partners.13,14,15 Subsequently, other multicomponent reactions involving 

trialkylborane,16,17 alkenyl-,18,19 aryl-,20,21 allyl-,22 allenyl-,23 and alkynyl boronic acids or 

esters24,25,26 have been reported in the literature. Boron substituted 1,3-dienes and heterodienes 

have also been successfully used as key elements in such strategies.27,28 
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II.  Boron-substituted 1,3-(hetero)dienes in multicomponent 

processes 

II.1  1-Boron-substituted 1,3-dienes 

 

The first Diels-Alder reaction involving a 1-boron-substituted 1,3-diene was described in 

1972 by Mikhailov and co-workers,29 and it was only fifteen years later that the groups of 

Vaultier and Hoffmann highlighted the real potential of these compounds in tandem 

cycloaddition [4+2]/allylboration processes.30 These dienes reacted with activated 

dienophiles, such as maleic anhydride 2b or N-phenyl maleimide 2a, at relatively high 

temperatures (80 °C in toluene) to afford exclusively the endo-isomers 3a-b (Scheme 1). The 

resulting cycloadducts, which contain an allylboronate functionality, then reacted with 

aldehydes to afford the corresponding homoallylic alcohols 5a-b with high 

diastereoselectivity (de > 95%). 

 

Scheme 1. 1-Boron-substituted 1,3-diene in a tandem cycloaddition [4+2]/allylboration sequence.  
 

In the case of methyl acrylate or acrylonitrile, a mixture of endo and exo diastereomers was 

obtained regioselectively at higher temperature, in a 1:1.6 to 1:1.8 ratio. By contrast, the [4+2] 

cycloaddition proved to be completely regioselective when performed on the catechol 

derivative 6 in the absence of solvent.31 The use of a stoichiometric amount of EtAlCl2 as 
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Lewis-acid catalyst provided a lowering of the reaction temperature, a shortening of the 

reaction time and good stereocontrol (Scheme 2).32 

 

Scheme 2. Lewis-acid catalyst in the tandem cycloaddition [4+2]/allylboration sequence. 
 

Alternatively, simple heating of a mixture of a 1-bora-1,3-diene 10, a dienophile 12 and an 

aldehyde 11 gave direct access to polysubstituted cyclohexenes 13 that were difficult to 

prepare using the previously reported two steps methodology.33 A concise and efficient 

synthesis of an advanced precursor of Clerodin 14, a powerful antifeedant natural product, has 

been reported using a strategy based on this three-component process (Scheme 3).34 

 

Scheme 3. Synthesis of an advanced precursor of Clerodin 14. 
 

Extension of this work to the intramolecular version is depicted in Scheme 4. The bicyclic 

lactone 19 was obtained stereoselectively from a diene-yne 15 in a one-pot process with 

control of the relative stereochemistry of the five stereogenic centers.35 
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Scheme 4. Intramolecular DA/allylboration sequence. 
 

Concerning the access to enantioenriched compounds by using chiral boron substituents, no 

diastereoselectivity was observed with the (+)-pinanediol ester 20a and N-phenyl maleimide 

2a.36 1,3-Dienyldioazaborecane 20b, derived from a chiral aminodiol of C2 symmetry, 

underwent a faster cycloaddition, as already observed for similar tetra-coordinated boron 

species,37,38 but giving only a modest 2.2:1 ratio of diastereisomers. By contrast, the 

cycloadduct 24 was obtained as a single product with excellent stereoselectivity in 84% yield, 

however, this could probably be attributed to the special structure of the dienophile 23 used 

(Scheme 5).39 

 

Scheme 5. Diastereoselective DA reaction with N-phenyl maleimide 2a and 4-phenyltriazoline-3,5-dione 23. 





20 
 

 

Scheme 7. Tandem [4+2]-cycloaddition/allylboration of 3- and 4-alkoxy-dienyl boronates. 

 

A one-pot, palladium-mediated cycloisomerisation of ene-ynes 37a-d was applied to the 

synthesis of the boronated diene 38a-d, which was not isolated, but directly used in a one-pot, 

Diels-Alder reaction/allylboration sequence. This efficiently generated, in high yields, 

tricyclic structures 40a-k with control of the four stereogenic centers created (Scheme 8). In 

the presence of Grubbs II catalyst, a skeletal isomer 41 was produced from 37b. If the [4+2]-

cycloadduct 42 was obtained with N-phenyl maleimide 2a, it failed to give homoallylic 

alcohols, probably due to steric hindrance.42 

 

Scheme 8. Metal-mediated cycloisomerisation/Diels-Alder reaction/allylboration sequence. 
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An elegant, three-component process was developed by Hilt and co-workers using a cobalt-

catalysed Diels-Alder reaction as the key step in a one-pot, cycloaddition/allylboration 

sequence.43,44 With (S,S)-Norphos as chiral ligand, the desired alcohol 45 was isolated in 87% 

yield and 71% ee (Scheme 9). 

 

Scheme 9. Cobalt-catalyzed Diels-Alder/allylboration sequence. 
 

In a related process, the same group reported a two-steps cascade reaction interconnecting 

four components to afford dihydroaromatic compounds 48 with a high degree of 

diastereoselectivity and good yields. After cycloaddition and allylboration, the resulting 

product was oxidized to afford the corresponding tetrahydronaphthalenes 50 (Scheme 10).45 

 

Scheme 10. A two step reaction sequence for the synthesis of tetrahydronaphthalenes 50. 
 

Most of the tandem sequences, in which boron substituted 1,3-dienes were involved, were 

based on the first Diels-Alder cycloaddition, as shown above. However, a recent report of 

Norsikian, Beau and co-workers described a novel sequence of tandem transformations which 

combined the Petasis reaction, intramolecular [4+2]-cycloaddition, cross metathesis and 
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Michael reaction. This process gave access to new polycyclic heterocyclic scaffolds 58a-f 

with good yields and complete stereocontrol (Scheme 11).46 One year later, the same research 

team synthesised, based on the same chemistry, more than 30 examples of products with the 

scaffold as 55, and proposed a mechanism based on theroretical calculations which supported 

the involvement of a Diels-Alder reaction occuring through an endo approach, with formation 

of the product with a cis-ring junction.47 

 

Scheme 11. Tandem sequence based on the Petasis, borono-Mannich reaction as first key step. 
 

Recently, a new sequence using bis-borobutadiene 62 was developped to provide 1,4-

diaromatic-diol as well as skeleton like 59, 60 and 61. The sequence started with an 

allylboration to provide the allenylboronate species 64 or 67 with high diastereoselectivity. 

The allenyl boronate intermediate formed during the first step exerted axial chirality with the 

substituted allenyl moiety and also a stereogenic carbon center. Depending on the nature of 

the partner used in the sequence, the outcome of the reaction differed. In the case of a 

monoaldehyde, a second equivalent of aldehyde did react with moderate to excellent 

enantioselectivity to afford skeleton 68, whereas the dialdehyde reacted in an intramolecular 





24 
 

immediately converted to the expected homoallylic alcohols 73a-e in moderate to good yields 

as mixtures of E/Z-isomers (Scheme 13).  

 

Scheme 13. One-pot tandem dimerization/allylboration reaction of 1,3-diene-2-boronate 69. 
 

In 2005, Welker and co-workers started a series of studies on the synthesis of 2-boron-

substituted 1,3-dienes and their reactivity in tandem reactions, concentrating mainly upon 

[4+2]-cycloadditions followed by cross-coupling reactions. Potassium and tetra-n-

butylammonium buta-1,3-dienyl-2-trifluoroborates 74a-b were synthesised in good yields 

from chloroprene and showed no propensity to dimerise.52,53 Exploration of the reactivity of 

these dienyl trifluoroborates began with Diels-Alder reactions with ethyl acrylate 75, methyl 

vinyl ketone 12 and N-phenyl maleimide 2a. The boron-containing cycloadducts, isolated 

with high yields, were subsequently cross-coupled using palladium catalysis. A one-pot 

sequence was also developed, first heating the boron diene with the dienophile, then adding 

an aryl halide 76, Pd(OAc)2 (5 mol%), K2CO3 (3 eq.) and finally refluxing the mixture in 

EtOH or MeOH for 5 h (Scheme 14). Reactions with various aryl halides 76, substituted by 

electron-donating or -withdrawing groups and heteroaromatic halides occurred in moderate to 
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good yields (41% to 64% over two steps) with a preference for the para- over meta-

regioisomers (2.3:1 to 5.7:1 ratio). 

 

Scheme 14. Tandem Diels-Alder/Cross-Coupling reactions of trifluoroborates 74a-b. 
 

Using the same methodology, the preparation and reactivity in tandem Diels-Alder/palladium 

cross-coupling sequences of a 2-diethanolaminoboron-substituted 1,3-diene 78 were 

investigated.54 This diene has proved to be significantly more reactive and more regioselective 

in [4+2]-cycloadditions compared to the corresponding trifluoroborate. The cycloadducts 

were then efficiently cross-coupled to iodobenzene 81a, 4-trifluoromethyl-1-iodobenzene 81b 

and 4-iodoanisole 81c. The regioselectivity observed in the initial Diels-Alder reactions were 

maintained after cross-coupling (Scheme 15). 
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Scheme 15. Diels-Alder/cross-coupling reactions of 78. 

 

More recently, new 2-boron substituted 1,3-dienes containing diol and triol ligands were 

prepared under basic conditions that prevent the dimerisation by-product formation. These 

four-coordinate boron complexes participated in the same tandem Diels-Alder/Suzuki cross-

coupling sequence, which appeared to be palladium-catalysed. The final cycloadducts were 

obtained in good yields (63% to 83%).55 

Finally, Welker and co-workers described metal catalysed tandem Diels-Alder/hydrolysis 

reactions of 2-boron substituted 1,3-dienes.56,57 Boron-dienes containing various ligands 

reacted with maleimides in the presence of rhodium and copper catalysts using BINAP as 

ligand (Scheme 16). NMR analysis of the crude product showed traces of the boron 

cycloadduct, highlighting that mechanism proceeded, first with a Lewis-acid catalysed [4+2]-

cycloaddition, and then by Lewis-acid assisted C-B bond protonation. 
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Scheme 20. Catalytic enantioselective three-component hetero-[4+2] cycloaddition/allylboration sequence. 
 

The first application of this strategy in the synthesis of natural products and analogues 

concerned (5S,6S)-6-acetoxy-5-hexadecanolide 110, the oviposition attractant pheromone of a 

mosquito capable of transmitting the West Nile Virus.63 Thereafter, several members of the 

natural styryllactone family 111-114, displaying cytotoxic and antitumor activities, have been 

also prepared according to this methodology.66,67,68 The combination of the catalytic hetero-

Diels-Alder/allyboration sequence with a ruthenium-catalysed isomerisation gave access to 

the 6,8-dioxabicyclo[3.2.1]octane skeleton of (+)-iso-exo-brevicomin 115 (Scheme 21).69 



31 
 

 

Scheme 21. Synthesis of natural products using the catalytic enantioselective HDA/allylboration sequence. 
 

When a Z:E-mixture of 2-substituted enol ethers 116 was used as dienophile, only 

cycloadducts resulting from a selective reaction of the Z-isomer were present in the final 

product, that prevented the tedious preparation of an isomerically pure starting material. 

While the second allylboration step required conditions more severe than those employed in 

the case of ethyl vinyl ether, this approach was successfully applied in the key steps of the 

total synthesis of a member of the thiomarinol class of marine antibiotics 119 (Scheme 

22).70,71 
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Scheme 22. Total synthesis of a thiomarinol derivative 119. 
 

More recently, Hall and co-workers described the total synthesis of a complex 20-membered 

marine macrolide, palmerolide A 125, a potent and unusually selective antitumor agent.72 In 

this case, the cyclic allylboronate 108' prepared from the [4+2]-cycloaddition reacted with the 

starting 3-boronoacrolein 105 which then played the role of the aldehyde partner. The 

hydroxyl group of the resulting homoallylic alcohol was then engaged in a Claisen-Ireland 

rearrangement to afford an advanced intermediate 124 for the completion of the total 

synthesis (Scheme 23). 
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Scheme 24. Bicyclic piperidines from tandem aza-[4+2]-cycloaddition/allylboration. 
 

Diversification on the different units, diene, dienophile and aldehyde, has been described. 

Concerning the maleimide material, substituent R3 did not exert any significant effect on the 

process. Other dienophiles have also been tested (acrylates, maleic anhydride), giving no 

products or unsatisfactory results. A large range of aldehydes, as aliphatic, electron-rich or 

electron poor benzaldehyde, could be used. Only very hindered aldehydes did not afford any 

product and both mono- and di-substituted arylhydrazines have proven to give the best yields, 

probably due to the higher reactivity of the corresponding hydrazones. Furthermore, the 

double bond of 129b was selectively hydrogenated under palladium on charcoal, while 

hydrogenolysis of the hydrazine moiety occurred in the presence of Raney nickel (Scheme 

25). 

 

Scheme 25. Hydrogenolysis reactions of hydrazinopiperidines. 
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Following these results obtained in the liquid phase, Hall and co-workers also examined the 

suitability of a solid-phase strategy. Finally, due to problems of purity encountered with an N-

arylmaleidobenzoic acid functionalised resin,74 or availability of the supported aldehyde 

partner, a four-component variant of this chemistry was developed in solution phase. The pre-

formation of the aza-butadiene component was not necessary and this gave access to a library 

of 944 polysubstituted piperidines with sufficient purity suitable for biological screening after 

purification by HPLC with mass-based fraction collection.75 

The flexibility and usefulness of this chemistry was also demonstrated in target-oriented 

synthesis with the synthesis of (-)-methyl palustramate and other 2,6-disubstituted 

piperidines.76,77 A chiral sulfinimide 133 was used as dienophile and a sequential three 

component aza-[4+2]-cycloaddition/allylboration/retro-sulfinyl-ene sequence was performed 

to afford 1,2,5,6-tetrahydropyridine 134 with high regio- and diastereo-selectivity (Scheme 

26). 

 

Scheme 26. Tandem aza[4+2]-cycloaddition/allylboration/retrosulfinyl-ene sequence. 
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Scheme 29. Synthesis of 144 via a HDA/allylboration/DA sequence. 
 

The initial boronic ester group of 145, the direct precursor of 137, can be also converted into a 

trifluoroborate substituent by treatment with KHF2 in MeOH/H2O to increase the reactivity of 

the dienyl moiety towards electron-poor dienophiles. It was directly engaged in a Diels-Alder 

cycloaddition with N-phenyl maleimide 2a at 50 °C in acetone for 12 h in the presence of 

various aldehydes to afford diols 147 as major diastereisomers (>95%) and in good overall 

yields (Scheme 30). 

 

Scheme 30. Diels-Alder/allylboration sequence. 
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association with peroxides as oxidant, have been used. Recently, milder useful conditions 

emerged, based on copper salt, and aerobic oxidation in the presence of amine co-catalysts,90 

manganese oxide91 and photoredox catalysis using either rose bengal or ruthenium catalysts 

(Scheme 31).92 

 

Scheme 31. In situ generation of nitrosocarbonyl compounds. 
 

Other pathways starting from diverse reagents can be also used to generate the 

carbonylnitroso species 149, as oxidation of nitrile oxides 151 using NMO,93 nitrocarbene 

rearrangement of 153 using rhodium catalyst,94 retro-Diels-Alder reactions of 9,10-

dimethylanthracene cycloadducts 154 under high temperature conditions95 and photochemical 

cleavage of 1,2,4-oxadiazole 4-oxides 155 (Scheme 32).96 
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Scheme 32. In situ generation of nitrosocarbonyl compounds using various regaents. 

 

III.2.  Nitroso compounds in Diels-Alder  reactions 

  III.2.a.  Reactivity of nitroso compounds towards dienes 

 

Nitroso compounds are valuable partners in Diels-Alder reactions. However, when the diene 

156 possesses an allylic hydrogen (in red on scheme 33), a possible competition could take 

place between the nitroso Diels-Alder and nitroso ene reactions (Scheme 33). This 

competition has been pointed out by both Whiting et al.90a and Alaniz and et al.90b using 

carbonyl nitroso derivatives. 

 

Scheme 33. Competition between [4+2]-cycloaddition and nitroso-ene reaction 
 

Even if the nitroso Diels-Alder reaction has been generally accepted as the more rapid 

reaction compared to the nitroso-ene reaction, three paramaters play a major role in the ratio 

between the cycloadduct and the ene-product. Firstly, the solvent has a dramatic impact on the 
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ratio between cycloadduct/ene-product, which varies from a 25:1 to a 4:1 mixture. However 

the origin of this solvent effect remains unclear.90a Secondly, the conformations of the diene 

need to be considered. For the Diels-Alder reaction to take place a s-cis conformation for 

diene is required. A competition study was performed using 1,3-cyclohexadiene and 2,3-

dimethyl-1,3-butadiene in the presence of a substrate susceptible to undergo an intramolecular 

nitroso ene-reaction. The study showed that the Diels-Alder cycloadduct was exclusively 

formed with 1,3-cyclohexadiene (s-cis conformation), whereas if 2,3-dimethyl-1,3-butadiene 

(a mixture of s-cis and s-trans conformations in solution) was used, the intramolecular nitroso 

ene-product was predominantly formed (77%). Thus, the conformation of the diene has an 

important impact as well, and nitroso ene-reaction can be favoured if the reactivity of the 

diene towards the Diels-Alder was decreased.90b Lastly the influence of a possible metal-

nitroso complex can be considered, esspecially when arylnitroso derivatives are used. 

Predominant formation of the nitroso ene-adduct, in the presence of a Diels-Alder trapping 

agent can take place.97 

 

  III.2.b . Regioselectivity of the nitroso Diels-Alder reactions 

 

Kresze et al.98 performed several studies, which indicated that substituted arylnitroso 

compounds 160a-e react regioselectively with unymmetric dienes 161a-f. The regiochemistry 

of the reaction depends upon the electronic properties of the substituent on the aromatic ring 

(Scheme 34). 
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Scheme 34. Regioselective outcome of the reaction between 4-substituted arylnitroso compounds and 
unsymmetric dienes. 
 

As for the arylnitroso derivatives, some studies99 have been performed to analyse the 

behaviour of unsymmetric dienes towards carbonylnitroso compounds in intermolecular 

nitroso Diels-Alder reactions. The results can be rationalised and features of the 

carbonylnitroso Diels-Alder reactions can be summarised; Firstly, 1-substituted 1,3-dienes 

163 exert better regioselectivity than 2-substituted 1,3-dienes 165; Secondly, electronic 

properties of the diene have a major impact; Thirdly for higher selectivity, stronger electronic 

properties (electron withdrawing or electron donating groups) were required; Lastly, in the 

case of intermolecular reactions, solvents do not have an important impact on the 

regioselectivity (Scheme 35). 

 

Scheme 35. Regioselectivity of intermolecular carbonylnitroso Diels-Alder reaction. 

  



44 
 

III.3.  Some applications of nitroso Diels-Alder reactions 

  III.3.a.  Arylnitroso derivatives as dienophiles 

 

A couple of examples using arylnitroso compounds for the synthesis of molecules with 

biological interests were published. Streith and co-workers100 prepared the mitomycin 

skeleton using a sequence starting with a nitroso Diels-Alder reaction between dienal 

compounds 167a-b and nitrosobenzene 160a, to afford compound 168a-b. A cascade process 

beginning with an enolisation (b), followed by hetero-Cope rearrangement (c), prototropy and 

rearomatisation (d), to finish an intramolecular nucleophilic addition and dehydration (e, f) 

was described to provide 171a-b. Oxidation (g) using MnO2 led to the formation of the final 

compounds 172a-b (Scheme 36). 

 

Scheme 36. Preparation of the skeleton of mytomycin A. 
 

Danishefsky et al.,101 presented an efficient approach towards the synthesis of the 

epoxybenzazocine core present in some natural products. For this purpose, a nitroso Diels-

Alder reaction using 174 and 175 was used to afford the key intermediate 176 in 70% yield. 
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Multiple steps including aziridination and Heck arylation, led to the formation of the structure 

177 bearing the epoxybenzazocine skeleton 178 (Scheme 37). 

 

Scheme 37. Synthesis of analogues of FR 900482 based on a 2H-1,5-epoxy-benzazocine core. 
 

During the same year, the same group published the total synthesis of mitomycin K 185.102 

The nitrobenzyl derivative 179 was used as a precursor of the corresponding nitroso 

compound. First, the (1-methoxy-1,3-butadienyl)lithium 180 was used to prepare the carbinol 

intermediate 181. Then, using photochemical redox conditions, nitroso intermediate 182 was 

formed providing the fused core oxazine 183 by intramolecular nitroso Diels-Alder reaction, 

which, under these photoredox conditions, was transformed into compound 184 forming the 

tricyclic scaffold of mytomycin (Scheme 38). No additional explanation has been given to 

explain the oxidation of the alcohol 182 group into the ketone 183 during the photoredox 

reaction. 



46 
 

 

Scheme 38. Synthesis of the precursor 184 for the total synthesis of mitomycin K 185. 
 

The discovery of aminophosphonic derivatives as biologically active molecules led Marchand 

and co-workers to study the reactivity of 1-phosphono-1,3-butadienes with nitroso 

derivatives, and especially o-nitrosotoluene 160f.103 Concise experimental and theorotical 

studies of the cycloaddition between diene 186a-c with o-nitrosotoluene 160f, showed that the 

isomer 187 was predominantly formed. The resulting oxazine 187 possesses multiple sites for 

functionalisation, namely the N-O bond, the C=C double and the phosphonate moeity. 

Depending on the sequence used, multiple interesting scaffolds 188, 189, 190 and 191 were 

synthesised (Scheme 39).  
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Kirby and co-workers105 studied the reaction of thebaine, a natural product, with arylnitroso 

derivatives. All arylnitroso compounds 160 used in these reactions underwent the 

cycloaddition in good to excellent yields (65-99%). Further modifications of derivative 196a-

e emphasised the possibility to handle natural products containing dienes as well as their 

homologues for futher functionalisation (Scheme 41). 

 

Scheme 41. Arylnitroso Diels-Alder reaction on thebaine 157. 

 

  III. 3.b. Carbonylnitroso derivative as dienophile 

 

Diels-Alder cycloaditions of carbonylnitroso derivatives have been widely studied and 

numerous synthetic applications have been presented over the years. A few examples from the 

literature are presented in the next section. 

Alkaloid derivatives are interesting targets due to their wide-range of biological activities, and 

new methodologies are constantly being developed to enlarge the synthesis of these scaffolds. 

Among the numerous alkaloids known, tropane derivatives 201, as well as alkaloids from the 

Amaryllidecea family, like narciclasnine 207, can be prepared via intermolecular 

carbonylnitroso Diels-Alder reactions. 

Thus, the total synthesis of (-)-epibatidine has been achieved by Kobayashi and co-workers106 

using chiral carbonylnitroso compound 197 in the presence of the diene 198. A mixture of 



49 
 

three cycloadducts 199, 199'  and 199''  was obtained with moderate selectivity. Further 

modifications of cycloadduct 199'  provided (-)-epibatidine 200 (Scheme 42). 

 

Scheme 42. Total synthesis of (-)-epibatidine 173. 
 

Hudlicky et al. presented a synthetic pathway for the total synthesis of narciclasnine 207.107 

Oxidation of nitroso precursor 203 in the presence of the diene 202 afforded the cycloadduct 

204 in 70% yield. A Suzuki-Miyaura cross-coupling using the boronic acid 205 followed by 

cleavage of the N-O bond provided molecule 206 as a potential intermediate towards the 

synthesis of narciclasnine 207 (Scheme 43). 
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Scheme 43. Synthesis of an intermediate for the total synthesis of narciclasnine 207. 

 

The total synthesis of marine alkaloids (-)-lepadin A, B and C from the family 

decahydroquinoline has been performed starting from 208.108 Intramolecular nitroso Diels-

Alder reactions led to the formation of a mixture of two diastereoisomers, 209 and 209' . The 

ratio between the diastereoisomers was proved to be solvent dependent. By using an aqueous 

medium, the diastereoselectivity increased towards the formation of isomer 209' . Subsequent 

modifications led to the formation of the desired natural alkaloids 211a-c (Scheme 44). 
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Scheme 44. Total synthesis of (-)-lepadin A, B and C 211a-c. 
 

Other classes of alkaloids, like molecules bearing a pyrrolidizine core 217 have been 

synthesised based on such an intramolecular strategy. Yokochi et al. were able to achieve the 

total synthesis of (+)-loline 216 using compound 213 as starting material.109 A carbonylnitroso 

Diels-Alder reaction provided bicyclooxazine 214 and 214'  as a mixture of two 

diastereoisomers. Screening conditions showed that higher temperature gave better yields but 

lower selectivity. Changing the solvent system from an apolar solvent to an aqueous medium 

reversed the selectivity of the reaction. The synthesis of (+)-loline was completed after further 

functionalisations (Scheme 41). 
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Scheme 45. Total synthesis of (+)-loline 216. 
 

In addition to alkaloid synthesis, different research groups have focused their attention on the 

synthesis of azasugar and nucleoside derivatives. Miller and co-workers110 have contributed to 

this field by developing the preparation of the key intermediate 221. The synthesis started 

with the carbonylnitroso Diels-Alder reaction between the chiral nitroso species 218 and 

cyclopentadiene 219, providing 220 as the major isomer. A five step pathway using 220 

afforded key intermediate 221 in a 36% overall yield. This carbocyclic nucleoside core 221 is 

present in neplanocin A 222, aristeromycin 223b or 5'-noraristeromycin 223a (Scheme 46). 
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Scheme 46. Synthesis of key intermediate 221, a precursor to neplanocin A 222, aristeromycin 223b and 5'-
noraristeromycin 223a. 
 

Azasugar synthesis can be achieved using nitroso Diels-Alder methodology using asymmetric 

diene 224a-e providing oxazine cycloadducts 226a-d and 226'a-d in good yields (70-90%) 

and diastereoisomeric excesses. Dihydroxylation of the major isomers 226a-d afforded 

intermediate 227a-d in moderate to excellent yields. Results of the N-O cleavage reaction are 

substrate-dependent, and only the compound bearing the following substituents; (R1 = 

CO2
tBu, R2 = Me, R3 = OBn 227d), led to the formation of the desired pyrrolidine ring in a 

85% yield as a mixture of two diastereoisomers 228d and 228d'  (80/20) (Scheme 47).111 
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Scheme 47. Synthesis of pyrrolidine azasugar derivatives. 
 

Among natural products containing a diene moiety in their skeleton, steroidal dienes, and 

more precisely ergosterol, have shown interesting behaviour towards Diels-Alder reactions. 

This molecule, and other related structures, have been used for years for the design of new 

biologically active compounds. Thus, Miller and co-workers in 2009 described the reactivity 

of carbonylnitroso derivative 229a-f in the presence of ergosterol acetate 230.112 By this 

method, the synthesis of novel C5 and C8 disubstituted sterol analogues was achieved. 

Oxazine 231a-f was obtained in low to good yields. In fact, the regioselectivity was impacted 

by the R1 substituent on the nitroso species 229a-f. If R1 was a phenyl or a p-Me-phenyl 

moiety 229a and 229b respectively, oxazines 232a-b were predominantly formed. These 

compound were never isolated due to a [3,3]-sigmatropic rearrangement which afforded 

233a-b as the major products. In all other cases, regioisomers 231c-f were obtained as single 

compounds. 
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Scheme 49. Functionalisation of ergosterol acetate 230 by carbonylnitroso Diels-Alder reaction. 
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Enyne 238c was then directly added to Ipc2BH 244, providing exclusively the E-vinylborane 

intermediate 245.116 The 1,3-dienylborane 245 was converted into the corresponding diethyl 

1,3-dienylboronic ester 247 in the presence of a large excess of acetaldehyde 246. This 

intermediate was used for modification of the boron substituent. In the case of boronic acid 

MIDA ester derivative 249, a mixture of toluene/DMSO (15/1) was required to obtain a better 

solubility of the MIDA reagent 248 in reflux conditions.117 Diene 249 was isolated with an 

excellent yield of 91%. For the preparation of diene 251, milder conditions were used to 

observe the total conversion of the compound 247.118 Despite the fact that diene precipitates 

out from the reaction, several precipitations and finally a slow crystallisation in a mixture of 

DCM/Et2O were necessary to isolate diene 251 without observing any contamination by 

remaining diethanolamine. These purification steps explained the low 22% yield (Scheme 53). 

 

Scheme 53. Synthesis of the 1,3-dienylboronic ester 249 and 251. 
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Scheme 55. Synthesis of diene 257. 

 

II.2.  Dehydrobromination* 

 

The synthesis of the parent diene was achieved by dehydrobromination of 4-bromobut-1-en-1-

boronic acid pinacol ester 258, itself prepared by hydroboration of 4-bromo-1-butene and 

pinacolborane, with DBU in a 75% yield (Scheme 56). 

 

Scheme 56. Synthesis of the unsubstituted boronated diene 259. 
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Scheme 58. Halosulfonylation of diene 241c. 

 

II.5.  Coupling reaction of vinylboronic acid MIDA ester derivatives 

  II.5.a. From (E)-2-bromovinylboronic acid MIDA ester 

 

The synthesis of 1,3-dienylboronic MIDA ester was achieved following the Burke et al. 

procedure, involving Suzuki-Miyaura or Stille cross-couplings.122 E-2-Bromovinylboronic 

acid MIDA ester 267 was subjected to Suzuki-Miyaura cross-coupling with (E)-styrylboronic 

acid 268a, 1-phenylvinylboronic acid 268b and E-hex-1-ene boronic acid 268c to yield the 

desired dienes 269a-c in 76%, 68% and 50% yields respectively. The aryl substituted boronic 

acid reagents showed better reactivity compared to the alkyl derivatives. Indeed, a full 

conversion of starting material was observed using 268a and 268b, whereas, 268c only 

showed a 63% conversion even with extended reaction times. No optimisation or screening of 

other catalyst/ligand systems has been undertaken to increase conversion. Non-substituted 

1,3-dienylboronic MIDA ester 271 was prepared by Stille coupling using vinyltributyltin 270, 

thus affording diene 271 with a satisfactory 72% yield (Table 2). 
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Table 2. 1,3dienylboronic MIDA ester synthesis by coupling reaction. 

 

Entry  Coupling partner  Diene Conversion 
Yield  

(%)  

1 

  

100 76 

2 

  

100 68 

3 

  

63 50 

4 

  

100 72 

 

  II.5.b. From 1-bromovinylboronic acid MIDA ester 

 

The preparation of the 1,3-dienyl-2-boronic MIDA ester 275 started by the preparation of 1-

bromovinylboronic acid MIDA ester 274 by bromination of vinylboronic MIDA ester 272 

followed by a treatment with DBU (51% yield).123 Suzuki-Miyaura cross-coupling with 1- 

phenylvinylboronic acid 268b showed a conversion of 79%, which is in accordance with the 

results presented by Burke and co-workers.123 Purification by silica gel chromatography did 
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not permit separation of the starting material 274 from the diene 275. The 30/70 mixture was 

used in the next step (Scheme 59). 

 

Scheme 59. Preparation of 1,3-dienyl-2-boronic MIDA ester 275. 

 

II.6.  Modifi cation of the boron substituents 

 

The preparation of the trifluoroborylated salt 276 was carried out by treatment with potassium 

hydrogenfluoride 146, which yielded 276 in 79% yield (Scheme 60).124 

 

Scheme 60. Synthesis of the trifluoroboronated diene 276. 
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III.  Boronated dienes and arylnitroso compounds 

III.1.  Reaction of 1-dienylboronate pinacolate esters with arylnitroso 

compounds 

 

Initial investigations into the nitroso Diels-Alder reaction using the dienyl boronate 241c and 

nitrosobenzene 160a as model substrates resulted in the formation of the unexpected N-

phenylpyrrole 277a, instead of oxazine cycloadducts (Scheme 61). Although it is known that 

3,6-dihydro-1,2-oxazines can be converted to pyrroles, the conditions employed here (room 

temperature, no additional reagent, one pot reaction) are clearly different than those already 

reported: requiring several steps,125 specific substituents,100,126 photolysis,127 high 

temperature,128 samarium diiodide,129 oxidants,130 basic or acid reagents.131 Furthermore, even 

when the reaction was followed by 1H NMR, only 3-methyl-1-phenyl-pyrrole 277a, together 

with some azoxybenzene 278, was identified. There was a notable absence of any oxazine 

cycloadducts and the reaction was complete after 5 hours to afford 277a in 82% isolated yield 

(Entry 3, Table 3). 

 

Scheme 61. N-Phenylpyrrole 277a formation from the reaction of boronated diene 241c and nitrosobenzene 
160a. 
 

As shown in Table 3, different arylnitroso compounds 160 do undergo this conversion with 

boronated diene 241c to provide the corresponding N-arylpyrroles 277. Yields were moderate 

to good and the reaction could be conducted either in a protic solvent (MeOH) or an aprotic 
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solvent (DCM) (Entries 1 and 2, Table 3). A slightly higher yield resulted from an excess of 

the arylnitroso compound 160 (Entries 1 and 3, Table 3), hence, 2.5 equivalents of arylnitroso 

compounds 160 were used for most of the reactions. Surprisingly, no significant influence 

was observed on either the nature or location of the aromatic ring substituent and yields for 

pyrroles 277a-d, f-h varied from 57 to 82% (Entries 4-9, Table 3). 

Table 3. Pyrrole formation from the reaction of arylnitroso compounds 160 with diene 241c. 

 

Entry  Nitroso compound  Product Yield (%)  

1[a] 
  

67 

2[b] 160a 277a 61 

3[c] 160a 277a 82 

4[c] 

 
 

60 

5[c] 

 
 

68 

6[c] 
  

65 

7[c] 
  

69 

8[c] 

 
 

57 

9[c] 

 
 

 
77 

[a] Reaction with 1.5 eq of ArNO in MeOH at r.t. for 5 h. [b] Reaction with 1.5 eq of ArNO in DCM at r.t. for 
48 h. [c]  Reaction with 2.5 eq of ArNO in MeOH at r.t. for 5 h. 
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The parent diene 259 when reacted with nitrosobenzene 160a gave the corresponding pyrrole 

277j  in 78% yield (Entry 2, Table 4).*  However, with a more sterically hindered diene 241b, 

there was a significant decrease in yield (16% for the pyrrole 277i), even after an extended 

reaction time (Entry 1, Table 4).*  Changing the dienylboronate geometry from E to Z, as in 

compound 264, also had a detrimental effect upon the reaction, with adduct 277k only being 

isolated in 34% yield, after 16 h (Entry 3, Table 4).*  

Table 4. Reaction of dienes 241b, 259 and 264 with nitrosobenzene 160a. 

 

Entry  Diene Product Yield (%) 

1[a] 
 

 

16 

2[b] 
  

78 

3[b] 

 
 

 

34 

[a] Reaction with 2.5 eq of ArNO at r.t. for 16 h. [b] Reaction with 2.5 eq of ArNO 
at r.t. for 5 h. 

 

Next, the influence of substituents on the borodiene was examined. Diene 241a, bearing a 

phenyl group, 257 with a methyl carboxylate function, and 266 bearing a sulfonyl moiety in 

position 4, were tested.  

In the presence of nitrosobenzene 160a, no reaction of diene 241a was observed at r.t. either 

in toluene or in MeOH (Entries 1 and 2, Table 5). Heating the mixture caused formation of 
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pyrrole, according to 1H NMR (Entries 3 and 4, Table 5). The starting nitrosobenzene 160a 

was consumed after an extended 22 h reaction time, resulting in 72% conversion of diene 

241a (Entry 5, Table 5). No further improvement was observed if the nitrosobenzene 160a 

was added in portions in an attempt to decrease azo-by-product formation 278 (1 eq. at the 

outset - 1 eq. after 4 h - 0.5 eq. after 4 h), or by slow addition of a MeOH solution by syringe 

pump (Entries 6 and 7, Table 5). Finally, the use of 3.5 eq. of 160a (Entry 8, Table 5) was 

required in order to achieve complete conversion of both stereoisomers of diene 241a, 

resulting in the formation of pyrrole 277l in 36% isolated yield. 

Table 5. Study of the reactivity of diene 241a with nitrosobenzene 160a. 

 

Entry  Solvent Temperature 
(°C) 

Time 
(h) 

Conversion 

(Isolated yield) (%) 

1[a] MeOH rt 16 0 

2[a] Toluene rt 16 0 

3[a] MeOH reflux 5 50 

4[a] Toluene 70 16 50 (14) 

5[a] MeOH reflux 22 72 (19) 

6[b] MeOH reflux 22 77 (20) 

7[c] MeOH reflux 22 82 (24) 

8[d] MeOH reflux 22 100 (36) 
[a] Reactions with 2.5 eq of nitrosobenzene. [b] Reaction with 2.5 eq of nitrosobenzene 
added in portions. [c] Reaction with 2.5 eq of nitrosobenzene added slowly by syringe 
pump. [d] Reaction with 3.5 eq of nitrosobenzene. 

 

The introduction of an electron withdrawing group (ester function) in position 4 of the 

borodiene was next examined. Diene 257 proved to be even less reactive than diene 241a, and 
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longer reaction times and higher temperatures were required to improve the conversion 

(Entries 1-5, Table 6). In order to form the pyrrole 277m, 5 eq. of nitrosobenzene 160a and a 

128 h reaction time was required in toluene at reflux, and only the E,E-stereoisomer reacted. 

Indeed, even with longer reaction times, the other isomers were still observed in the reaction 

mixture on the crude 1H NMR. Nevertheless, 26% of the corresponding pyrrole 277m was 

isolated after silica gel chromatography (Entry 5, Table 6).  

Table 6. Study of the reactivity of diene 257 with nitrosobenzene 160a. 

 

Entry  Solvent Temperature 
(°C) 

Time 
(h) 

E,E-isomer conversion 
(Isolated yield) (%) 

1[a] MeOH rt 16 0 

2[a] MeOH reflux 16 0 

3[a] Toluene rt 16 0 

4[a] Toluene reflux 64 15  

5[b] Toluene reflux 128 100 (26) 

[a] Reactions with 2.5 eq of nitrosobenzene. [b] Reaction with 5 eq of nitrosobenzene.  
 

Diene 266 showed the same low reactivity as for the methyl carboxylate derivative 257. No 

reaction occured at r.t. in either MeOH or in toluene. Reflux conditions in toluene were 

necessary to observe the conversion of the E,E-isomer of 266. The reaction required 7 days to 

observe full consumption of this isomer of 266, whereas the E,Z-isomer did not show any 

reactivity. In this case, no pyrrole was isolated, or even observed in the crude reaction mixture 

by 1H NMR analysis. Only, the corresponding maleimide 254 was obtained. If the reaction 
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was performed under argon, 9 days were required to obtain full conversion of the E,E-isomer, 

which highlighted the possible role of an aerobic oxidation step during the reaction (Scheme 

62), but we have hitherto no mechanistic hypothesis to rationalise this result. 

 

Scheme 62. Unexpected formation of maleimide 79. 

 

III.2.  Reaction of tetracoordinated 1-borodienes with  arylnitroso 

compounds 

 

Since the various 1-borodienes with pinacolate esters all resulted in reactions in which the 

oxazine was not observed, attention was turned to the study of the influence of boron 

substituents that might result in the oxazine cycloadducts being isolated.  

First, attention was devoted to the trifluoroborylated salt 276. As previously, no oxazine was 

observed from the reaction of 276 with nitrosobenzene 160a and the reaction yielded pyrrole 

277a in 79% (Eq. 1, Scheme 63). The replacement of the pinacol ester group 241c by a 

diethanolamine moiety was then examined. Reaction of diene 251 with nitrosobenzene 160a 

resulted in the identification of the [4+2]-cycloadduct 279 in the 1H NMR spectrum of the 

crude mixture. Its structure was confirmed later by comparison of its 1H spectrum with that of 

the corresponding MIDA cycloadduct 280a (Entry 1, Table 7). After 2 h, all the diene 251 

was consumed, the intermediate boro-1,2-oxazine 279 had disappeared, and only pyrrole 277a 
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formation was observed, together with small amounts of azoxybenzene 278 (Eq. 2, Scheme 

63).  

 

Scheme 63. Reactivity of dienes 251 and 276 with nitrosobenzene 160a. 
 

This increased reactivity of the diethanolamine derivative was confirmed by the reaction of 

cyclic diene 252 which provided pyrrole 277i after only 2 h and in a 48% yield as shown in 

Eq. 2, Scheme 64. 

 

Scheme 64. Comparison of the reactivity between 241b and 252. 
 

Most interestingly was the observation of the transient [4+2]-hetero-Diels-Alder cycloadduct 

279 (Eq. 2, Scheme 63) that confirms the key role of the oxazine cycloadduct in the 

subsequent formation of the pyrrole. Diethanolamine esters are known for their facile 

hydrolysis or methanolysis to regenerate the corresponding boronic acid or ester,132
 however, 

simply the reversibility of B-N chelation could be responsible of the facile rearrangement to 
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the pyrrole (vide infra). We can also notice, the beneficial effect of the tetracoordinated 

boronate ester, which increased the electron density on the diene moiety, and hence, made it 

more reactive towards the electron deficient dienophile. It is consistent with a "normal" 

electron demand Diels-Alder [4+2]-cycloaddition. 

Prompted by these results, the behaviour of the corresponding MIDA borodiene derivatives 

249 was then examined. Because of their high stability towards air and moisture, these 

compounds have been used as flexible scaffolds for the synthesis of a wide-range of 

functionalised small molecules.133 It was our expectation that such dienes would make it 

possible to isolate and study the intermediate oxazine cycloadducts. The presence of an sp3-

versus an sp2-hybridized boron species would also be expected to be a useful tool to examine 

the regioselectivity of the cycloaddition reaction. Hence, the scope of the reaction of the 

MIDA diene 249 was examined with various arylnitroso compounds 160, as outlined in Table 

7. Reactions were carried out in AcOEt to give improved solubility of the B-MIDA  diene 249. 

However, even if the reaction was run in MeOH, the same cycloadduct was observed. The 

reaction of the MIDA-borodiene 249 provided the corresponding oxazine cycloadducts 280 in 

moderate to good yields with each of the different arylnitroso compounds 160, without any 

obvious electronic effects from the aryl substituent. Single regioisomeric products were 

obtained, as exemplified by the formation of the stable [4+2]-cycloadduct 280a, obtained 

from reaction of diene 249 with nitrosobenzene 160a and isolated in 64% yield (Entry 1, 

Table 7). Only the boron-oxygen 1,2-related regioisomer (in red in Table 7) was observed; its 

structure being assigned by NOESY correlation between the o-phenyl Hs and one of the 

NCHs on the oxazine ring. The introduction of different arylnitroso substituents, i.e. electron 

donating and withdrawing groups in positions 2 and 4, did not change the resulting 

regiochemical outcome (Entries 2-5, Table 7) and yields ranged between 47 to 77%. It is also 

noteworthy that little or no dimerisation of the arylnitroso compounds took place during these 
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Table 7. Reactivity of MIDA-substituted diene 249 with arylnitroso compounds 160. 

 

Entry  Nitroso compound Product Isolated Yield 280 
(%)  

1 
  

64 

2 

  

77 

3 

  

47 

4 
  

56 

5[a] 

  

61 

[a] Reaction in which the by-product 281g was isolated in 18% yield. 
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Table 8. Reactivity of MIDA -substituted dienes 269a-c and 271 with nitrosobenzene 160a. 

 

Entry  Diene Product 
Yield (%)  

(Isomer ratio) 

1[a] 

  

43 
(100/0) 

2[a] 

  

68 
(100/0) 

3[a] 

  

78 
(100/0) 

4[b] 

  

89 

(40/60) 

[a] Reaction with 2.5 eq of nitrosobenzene in AcOEt at rt for 6 h. [b] Reaction with 5 eq of 
nitrosobenzene AcOEt at reflux for 24 h. 
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min. Thus, these two tetracoordinated boron species proved to be more reactive than the Bpin 

241c and the BMIDA  249 variant. 

As expected, the boron unit has a dramatic effect on the kinetics of the reaction. The more 

electron rich the diene is, the faster the reaction is, which is consistent with a "normal" 

electron, frontier-orbital-controlled [4+2]-cycloaddition reaction. The four boron substituents 

can be divided in two major groups. The first group involves the Bpin and the BMIDA 

whereas the second one incorporates the BDEA and the BF3K boron unit. The patterns of 

these empirical observations are comparable to the results of the nucleophilicity parameters 

calculated by Mayr and co-workers.135 The reactivity towards nitroso Diels-Alder can be 

summarised as outlined in Figure 3. 

 

Figure 3. Empirical effects of the boron unit toward the nitroso Diels-Alder reaction. 
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Diels-Alder reaction seems to occur through an asynchronous concerted pathway. This has 

also been postulated by Houk and co-workers, because of the asymmetry of the dienophile.138 

 

Scheme 67. Four different pathways and their TS energies determined by computations in the Diels-Alder 
reaction of nitrosobenzene A and the 1-boronodiene model molecule B. 
 

Mechanism 

 

The proposed mechanism involves pyrrole formation proceeding through a Diels-Alder 

reaction (to give C, Scheme 68), followed by a boryl rearrangement (to give E, Scheme 68). 

Then, intramolecular aza-boryl adition to the aldehyde (to give F, Scheme 68) and finally 

borate elimination gives G (Scheme 68). All steps were computed to be exothermic thus 

supporting the cascade process. Eight possible conformers of the oxazine were formed, 

where; The boryl group occupies either the axial or equatorial position; The phenyl group is 

either endo or exo; The oxazine ring is either in a boat or chair conformation. Among the 

possible conformers, species C and D are likely products from the favourable Diels-Alder 
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pathway via TS[ABC] with D as the most stable conformer of all possible conformers of the 

oxazine. Theoretical results showed that the rate-limiting step in the reaction pathway is likely 

to be the hetero-Diels-Alder step or the ring cleavage step via boryl group rearrangement.139 

 

Scheme 68. Possible reaction steps in the formation of 1-phenyl-1H-pyrrole G from a 1-boronodiene model B 
and nitrosobenzene A. 

 



86 
 

  III.4.b.  Additional experimental study 

 

Further experimental investigations were then carried out to support this mechanistic 

hypothesis and the DFT calculations. 

The replacement of the pinacol boronate ester on the diene moiety by diethanolamine (vide 

supra) resulted in the identification of the [4+2]-cycloadduct in the 1H NMR spectrum of the 

crude mixture. Reacting diene 251 or 276 with nitrosobenzene 160a for 2 h, resulted in 

complete diene consumption and even the boro-1,2-oxazine intermediate 279 totally 

disappeared to afford only pyrrole 277a with only small amounts of azoxybenzene 278 

produced (Eq. 2, Scheme 63). The pyrrole formation under these conditions can be explained 

by a facile equilibrium between the dioxazaborocane 286 and the corresponding methyl ester 

287 due to solvolysis.132 This equilibrium releases the vacant orbital on boron, and hence, a 

subsequent rearrangement can occur to access the pyrrole (Scheme 69). 

 

Scheme 69. Proposed mechanism for the formation of pyrroles from the reaction of 1-borodienes with 
arylnitroso compounds. 
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The reaction of nitrosobenzene 160a with the MIDA boronate 269a results in the formation of 

the two regioisomers 285 and 285'  which can be separated (vide supra). MIDA derivatives 

can be easily converted to the boronic esters.133 To confirm the role of the B(OR)2 in the 

pyrrole formation, we therefore envisaged to study such transformation with each of the 

regioisomers by 1H and 11B NMR, either under basic or acidic conditions. 

Under basic conditions 

 

The regioisomer 285 reacted cleanly with (NaOD, 3 eq.) to give the pyrrole 277l. The 

proposed reaction sequence for the formation of pyrrole is summarised in Scheme 70. 

 

Scheme 70. Proposed reaction sequence for the formation of pyrrole 277l from MIDA boronate oxazine 
derivative 285. 
 

In 1H NMR spectrum, the starting oxazine 285 showed the features of a B-MIDA substituent 

characterised by the two sets of signals (dd) between 4.03 and 4.59 ppm. In the 11B NMR 

spectrum, there was aslo the characteristic peak of a tetracoordinated boron species, 

evidenced by a chemical shift around 10 ppm (10.30 ppm, Figure 4). 
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Figure 5. 1H and 11B NMR of likely intermediate 292 after the addition of NaOD (3 eq.) to oxazine 285. 
 

Hydrolysis of this postulated borate, using DCl (1 eq.), led instantaneously to a major change 

in both spectra. In the 1H NMR, the oxazine scaffold collapsed to provide pyrrole 277l, while, 

in the 11B spectrum, the appearance of a signal at 19.9 ppm is consistent with the formation of 

(RO)3B (Figure 6). 

11B analysis 
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Scheme 71. Furan formation from acidic treatment of oxazine 285' . 
 

As examined on previous systems, this transformation was also followed by NMR. The 

starting oxazine 285'  showed similar characteristics in both the 1H and 11B NMR spectra as 

for regioisomer 285 (Figure 7). 

 

Figure 7. 1H and 11B NMR of oxazine 285' . 
 

11B analysis 
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Addition of DCl (1.05 eq.) provided formation of the furan 294 in 10 min according to 1H 

NMR. No intermediate, as under the basic conditions, was observed. 11B analysis provided 

important information concerning the role of the boron in this process. Indeed, none, or only 

traces of a salt (chemical shift around 0 ppm) was observed, as any by-product resulting from 

the hydrolysis (chemical shift around 20 ppm). This could mean that a BMIDA derivative was 

still present in the reaction mixture (Figure 8). 

 

Figure 8. 1H and 11B NMR of furan 294 after addition of DCl (1.05 eq.) on oxazine 285' . 

 

To confirm this hypothesis, extraction of the crude mixture with DCM was performed. By-

product 299 was isolated in 25% yield (Scheme 72), whose structure was established by 1H 

(MIDA signals; 4.25 ppm, d, 2H; 4.09 ppm, d, 2H; 3.01 ppm, s, 3H), 13C (MIDA signals; 

167.6 ppm, 2 C=O; 62.1 ppm, 2 CH2; 45.8 ppm, CH3) 11B NMR (9.9 ppm), and mass 

spectroscopy ([M+H] + = 249.104). These experimental observations are in agreement with 

11B analysis 
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  III.4.c.  The Nitroso Diels-Alder with boronated diene; a reversible process? 

 

The formation of the furan 294 from the second regiosiomer 285'  highlights another feature of 

the nitroso Diels-Alder reaction, its reversibility. 

By comparison of Eq. 1 and 2 shown in Scheme 73, it is important to note that no furan 294 

was formed during the reaction of diene 241a with nitrosobenzene 160a. Empirical kinetic 

studies between diene 249 and 241c (Scheme 65), as well as previous studies,135 showed that 

Bpin and BMIDA seemed to have quite similar electronic effects. Thus, it is plausible to 

expect that the regiochemical outcome of the cycloadditions should be comparable. However, 

no furan 294 was formed using diene 241a. There are two possible explanations for this 

observation. Either regioisomer 300'  is highly unstable and decomposed under the reaction 

conditions, or the nitroso Diels-Alder reaction is reversible. For the first case, decomposition 

of the regioisomer 300'  could explain the low isolated yield (36%) of pyrrole 277l. In the case 

of a reversible process, it might be possible that the retro Diels-Alder reaction of regioisomer 

300'  occured faster than the rearrangement to provide furan 294, contrary to regiosisomer 

300, which was converted instead into pyrrole 277l. Because of the possible reversibility of 

the Diels-Alder reaction, all reagents involved in the reaction were subjected to 

decomposition (oxazine intermediate 300 and 300'), polymerisation (diene 241a) or by-

products formation (nitrosobenzene 160a). Unfortunately, no final conclusions could be 

drawn from this study. Further theoretical calculations relating to this specific case could give 

important information to support a reversible process. 
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Scheme 73. Comparison of the reaction between dienes 241a and 269a with nitrosobenzene 160a.  

 

III.5.  Transformations of borono-1,6-dihydro-1,2-oxazine derivatives 

 

To explore the synthetic potential of BMIDA oxazine derivatives, a Suzuki-Miyaura coupling 

with the cycloadduct 286a, chosen as a model substrate, was carried out. Under classical 

experimental conditions for this class of reaction,133b 1H NMR of the crude reaction mixture 
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showed full conversion of the starting material to the pyrrole 277a, showing that 286a was not 

stable enough to survive the Suzuki-Miyaura coupling conditions (Scheme 74). 

 

Scheme 74. Reactivity of oxazine 286a and iodobenzene 81a under Suzuki-Miyaura coupling conditions. 
 

To confirm that this was indeed the location of the boronated group that was responsible for 

this failure, the cycloadduct 301 was prepared from diene 275 in a 73% isolated yield with 

only traces of the second regioisomer. It was engaged in a Suzuki-Miyaura cross-coupling 

with 1-bromotoluene 302 in the presence of palladium(II)  acetate and SPhos (Scheme 75). 

The 2,4,5-trisubstituted dihydrooxazine 303 was isolated in a 71% yield. A NOESY NMR 

experiment (correlation between Hs of the methyl group of the toluene moiety and Hs on the 

oxazine ring at C6) established the relationship of groups in this compound, and consequently 

the orientation of the first cycloaddition. No ring contraction product was observed in this 

case, but minor amount of the deborylation product were detected. This confirms that the 1-

boryl function is essential for the pyrrole or furan formations, through the boryl addition-

elimination sequences previously proposed. 
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Scheme 75. Synthesis of triarylated oxazine 303 from the nitrosobenzene Diels-Alder/Suzuki-Miyaura cross-
coupling reaction sequence. 

 

III.6.  The one-pot nitrone formation/1,3-dipolar cycloaddition 

sequence 

 

The reaction using the Bpin diene 241c in presence of arylnitroso 160 was previously 

performed either in MeOH or in DCM without observing any modifications in the outcome of 

the reaction. Pyrrole 277 was always observed and isolated in 61 to 82% yield (Entries 2 and 

3, Table 3). In the case of the BMIDA diene 249, if initial experiments were carried out in 

MeOH, AcOEt was finally preferred because of the improved solubility of the starting diene. 

In both case, the reaction started with a nitroso Diels-Alder reaction (Scheme 76). 
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Scheme 76. The nitroso Diels-Alder using diene Bpin 241c and BMIDA 249. 

 

  III.6.a.  Nitrone synthesis from 1-dienylboronate pinacolate esters 

 

In order to compare the reactivity of the Bpin and BMIDA dienes, we decided to carry out the 

cycloaddition of 241c with the arylnitroso compound 160g in AcOEt. After 24 h at r.t., 

analysis of the crude reaction mixture performed by 1H NMR revealed the presence of an 

unknown compound 304g and formation of only a small amount of the expected pyrrole 277g 

(241c/304g/277g = 47/50/3). No change was observed after 24 h more. 

 

Scheme 77. Reactivity of diene 241c in AcOEt. 
 

The full consumption of 241c was achieved by increasing the amount of 4-nitrosobenzoate 

160g (3.2 eq.), the formation of by-products being favoured at higher temperature. Compound 

304g spontaneaously precipitated from the reaction mixture and, after addition of hexane, was 

then isolated in a 54% yield. Its nitrone structure was established by crystal X-ray analysis. 
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compounds, the conversion of 241c ranged only from 53 to 77% after 24 h, and even if the 

reaction was continued for 24 h, no significant improvement in conversion was observed. In 

addition to the formation of the pyrrole, standard azoxybenzene by-products 278 were also 

observed, explaining the moderate conversion. Silica gel chromatography was attempted to 

purify the nitrone species, however due to their high polarity, isolation of pure compounds 

was not achieved. 

Table 9. Electronic arylnitroso effect towards the formation of nitrone compounds. 

 

Entry  Nitroso Diene (%)[a] Nitrone (%) [a] Pyrrole (%) [a] 

1 
 

42 48 10 

2 

 

23 40 37 

3 

 

47 50 3 

[a]  Ratio measured by 1H NMR analysis on the crude reaction mixture after 24 h with % (Diene + nitrone + pyrrole) = 
100. 

 

Analysis of the crude reaction mixture was performed using 1H NMR spectroscopy. Our 

attention was focused on the identification of suitable peaks for the measurement of the ratio 

between the diene, the pyrrole and the nitrone. For diene 241c (proton in green), pyrrole 277 
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(proton in red) and finally, nitrone 304 (two protons in blue) were used to identify and 

measure the ratio between the three compounds as shown in Figure 10. 

 

Figure 10. 1H NMR analysis of the reaction between diene 241c and nitrosobenzene 160a after 24 h. 

 

  III .6.b. The one-pot procedure nitrone formation/1,3-dipolar cycloaddition 

 

The 1,3-dipolar cycloaddition of nitrones to unsaturated (C-C double or triple bond) 

compounds is one of the most useful synthetic methods for preparing a variety of 

heterocycles. It can create as many as three new contiguous stereogenic centres in a single 

step.141 The interest of the nitrone formation from a boronated diene and a nitroso compound 

would be significantly increased if this reaction could be coupled with a [3+2]-cycloaddition. 

Except 304g, other nitrones 304a and 304d were not isolable by precipitation. Therefore, a 

one-pot process using various dipolarophiles was envisaged. 

304a 277a 

241c 
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The scope of the 1,3-dipolar cycloaddition with N-phenyl maleimide 2a was first studied. In 

order to enlarge the range of the reaction temperature, AcOEt was replaced by toluene, 

without affecting nitrone formation. The crude reaction mixture was checked by 1H NMR 

after 1.5 h to ensure full consumption of diene 241c. The N-phenyl maleimide 2a was then 

added and the mixture was stirred at 90 °C for 16 h. Nitrosobenzene 160a and 4-

nitrosobenzoate 160g afforded a mixture of the endo/exo-isomers 305/305'  with a ratio around 

50/50 (Entries 1 and 2, Table 10). The diastereoisomers were readily separated by silica gel 

chromatography. When the arylnitroso was para-substituted by a halogen (Cl or Br), the 

endo-isomer 305 was only observed (Entries 3 and 4, Table 10). Nevertheless, the same low 

yields between 20 and 30% were obtained. In contrast, para-methoxy nitrosobenzene 160d 

didn't show any formation of the oxazolidine, even if the corresponding nitrone was observed 

by 1H NMR, before addition of the maleimide (Entry 5, Table 10). Lastly the ortho-

nitrosotoluene 160f, showed the formation of an endo/exo-ratio 305/305'  of 67/33. However, 

only the endo-isomer was isolated in a very low yield (12%) (Entry 6, Table 10). According 

to these results, it seemed that the substitution on the aryl moiety of the nitroso had a major 

impact on the selectivity of the cycloaddition reaction. Further studies are required to 

rationalise these observations. 
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Table 10. Scope of the arylnitroso for the oxazolidine synthesis. 

 

Entry  Nitroso Isolated yield (%) endo/exo 

1 
 

25%  54/46 

2 

 

22% 50/50 

3 

 

26% 100/0 

4 

 

23% 100/0 

5 

 

- - 

6 
 

12% 67/33 
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Unlike N-phenyl maleimide 2a, diethyl azodicarboxylate 307 (DEAD) and dimethyl 

acetylenedicarboxylate 308 (DMAD) did not show any formation of the desired product 

resulting from the [3+2]-cycloaddition, either, at r.t. or under reflux conditions. Only 

hydrolysis of the nitrone intermediate was observed, affording the corresponding aldehyde 

306g in low yield (27 to 43%) (Entries 1-3, Table 11). 

Table 11.  Screening of the dipolarophile for the [3+2]-cycloaddition. 

 

Entry  Nitroso Dipolarophile Temp. 
(°C) Time Isolated yield (%) 

1 

 
 

reflux 18 h 33% 

2 r.t. 72 h 43% 

3 

 

reflux 22 h 27% 

 

Identification of the endo- and exo-isomers 

 

The endo- and the exo-isomers 305 and 305'  respectively showed two different 1H NMR 

patterns. The protons from the oxazolidine structures were easily identifiable thanks to their 

chemical shift, but mainly thanks to their different coupling constants. HA is a doublet of 

doublets with two close coupling constants of J = 8.1 and 8.6 Hz, which was consistent with 
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the coupling constant measured for the other signals for HB and HC of the oxazolidine. When 

all the protons are on the same face on the structure (exo, molecule in red in Figure 11), all 

coupling constants are in the same range, i.e. between 8 and 9 ppm. On the other hand, the 

second isomer (endo, molecule in blue in Figure 11), HC was on the opposite face from HA 

and HB, leading to a major change in the coupling constants. Indeed, whereas HA still had a 

coupling constant JH
A

-H
B = 7.5 Hz, the second coupling constant was small i.e. JH

A
-H

C = 0.9 

Hz. 

 

 

Figure 11. Comparison of the 1H NMR of the endo- and the exo-isomer. 
  

305a 

305a' 
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observation led to reconsideration of the methodology developed for the nitrone formation, 

because this implied an incomplete conversion of the diene. After purification, both isomers 

were isolated and separated with a combined 40% overall yield. 

 

Scheme 78. One-pot oxazolidine synthesis with new batch of diene 241c. 

 

  III .6.c. Mechanistic aspects 

The nitrone formation 

 

The formation of the nitrone derivatives using boronated dienes and arylnitroso compounds 

obviously raises numerous questions about the reaction mechanism, namely the order of the 

different steps and the type of mechanism involved in the sequence. 

The most common way to synthesise nitrone derivatives is by condensation of hydroxylamine 

with an aldehyde. However, a few examples have been described decades ago, using 

arylnitroso derivatives as nitrone precursors.142 The nitrone synthesis has not been fully 

explained, but most of the studies agreed on a nitroso-ene reaction as the first step, followed 

by an oxidation. An alkenyl aryl nitroxide was detected by ESR spectroscopy,143 highlighted 

the possibility of the nitroso-product as an intermediate. More recently, another work 

presenting nitrone formation using arylnitroso derivatives as precursors has been published.144 
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Three pathways could be envisaged to describe the formation of the nitrone, based on three 

different reactions: a Diels-Alder/rearrangement process; an arylnitroso-ene reaction; and an 

oxidation (Scheme 79). 

 

Scheme 79. Pathways envisaged for the nitrone formation. 
 

Preliminary studies to ascertain a plausible mechanism started with the pathway shown in 

green in Scheme 79. If the hypothesis of a first Diels-Alder/rearrangement reaction was in 

process, reaction of the pyrrole 277g in the presence of nitroso compound 160g (2.2 eq.) 

should provide the nitrone in AcOEt at r.t. No reaction occured after 24 h and no azoxy by-

products 278 were observed either (Scheme 80). Thus, the first step of the cascade process is 

unlikely to be pyrrole formation, and moreover, the absence of by-products, emphasised the 

influence of the boron moiety on the formation of azoxybenzene and other by-products from 

the nitroso species, possibly due to Lewis acid activation. 



109 
 

 

Scheme 80. Reaction of pyrrole 277g with nitroso 160g. 
 

Thus, the cascade process had to begin with the formation of the arylnitroso ene adduct 310. 

This observation proved that the boron substituent on the 1,3-diene was necessary for the 

sequence to take place. If the same type of reaction was performed using isoprene 186 in 

benzene, only the standard [4+2]-cycloaddition occured to yield the oxazine cycloadduct 313 

in 42% (Eq. 1, Scheme 81).145 In contrast, when the diene 241c was used, it showed that 

nitrone 304 was predominantly synthesised (Eq. 2, Scheme 82). 

 

Scheme 81. Comparison of the reaction of nitrosobenzene 160a with isoprene 186 and diene 241c. 
 

Another set of reactions was then engaged to improve and determine the most probable 

oxidation pathway. A standard reaction using normal conditions was performed as a 

reference, in order to check the conversion after 1.5 h with the one batch of diene used for the 

later reactions. The conversion obtained after 1.5 h was 77% (Entry 1, Table 12). In order to 

improve the oxidation step, mild aerobic radical conditions were tried. Thus, a reaction using 

TEMPO in stoichiometric amounts led to full conversion of the starting diene after 1.5 h 
























































































































































































































































































































































































































